. Dietary iron-deficient anemia induces a variety of metabolic changes and even apoptosis in rat liver: a DNA microarray study.
iron deficiency; nutrigenomics IRON IS ESSENTIAL for oxygen transport, but its excessive accumulation in organs can cause oxidative damage (25) . If for any reason iron deficiency occurs, iron stored in organs such as the liver is utilized to compensate for the deficiency. This compensation is particularly important for animals (including humans) during development. Longer periods of iron deficiency result in a smaller iron storage pool, suppressing hemoglobin biosynthesis and giving rise to anemia. As a result, lipid metabolism in serum and liver is jeopardized and dyslipidemia may ensue, which is characterized by enhanced levels of serum triacylglycerol (TG), phospholipids, and low-density lipoprotein (LDL) and very low-density lipoprotein (VLDL) cholesterol in the serum, as well as enhanced levels of TG and phospholipids in the liver (27, 29) . Since lipid profiles may vary depending on experimental conditions, it is difficult to define the mechanism of lipid metabolic regulation during iron deficiency-associated anemia. The altered mineral balance due to iron deficiency may also cause lipid peroxidation (17, 29) . Because the liver is a principal organ of iron storage, a variety of hepatic metabolic changes are expected to occur with feeding of an iron-deficient diet. A holistic understanding of these changes requires an analytical method that can be used to cover an entire aspect of the phenomenon. To understand the physiological events taking place as a whole in an irondeficient animal body at the transcriptome level, the use of DNA microarray technology is the most preferable technique at present. Although this technology has previously been used to study iron deficiency, those studies focused only on the duodenum or jejunum as main iron transport organs (7, 8) . There is little information available regarding DNA microarray analysis of the liver. Using this technique, we analyzed gene expression profiles in livers of rats fed an iron-deficient diet. Here we report that dietary iron-deficient anemia causes a variety of changes in nutrient metabolism and may even cause apoptosis, possibly as a result of the associated endoplasmic reticulum (ER) stress in the liver.
MATERIALS AND METHODS

Animals and diets.
Three-week-old male rats (Sprague-Dawley) were purchased from Charles River Japan (Kanagawa, Japan) and housed in a room maintained at 24 Ϯ 1°C and 40 Ϯ 5% humidity with a 12:12-h light-dark cycle (light 0800 -2000; dark 2000 -0800). Rats were given a normal control diet (Research Diets, New Brunswick, NJ) and water for 24 h ad libitum. The composition of the control diet, 48 ppm iron, was based on the AIN-93G diet (Table 1) ; Avicel was used in place of cellulose, which may contain a trace amount of iron. An iron-deficient diet, ϳ3 ppm iron, was prepared by removal of iron (ferric citrate) from the control diet. On day 8, rats were divided into two groups with similar average body weights. One group (n ϭ 7) was fed the iron-deficient diet (iron-deficient group) ad libitum. The other group (n ϭ 6) was fed the control diet by pair feeding. During the iron-deficient diet feeding, the blood hemoglobin level of each rat was measured every 2 days in blood samples collected from the tail vein. On day 12 the iron-deficient diet was removed at 1800, and the feeding was conducted between 0900 and 1700 for another 4 days to synchronize the rats' feeding behavior. On day 17, after feeding for 1.5 h, each rat was killed under anesthesia to excise the liver, which was then immersed in RNAlater (Applied Biosystems Japan, Tokyo, Japan). Blood was obtained from the carotid artery. All protocols for the animal experiments were approved by the Animal Use Committee of the Faculty of Agriculture at the University of Tokyo.
Measurement of biochemical parameters for blood, serum, and liver. Hemoglobin levels were measured with the Wako Hemoglobin B test (Wako Pure Chemical Industries, Osaka, Japan). As biochemical parameters, levels of cholesterol, TG, glucose, insulin, and bile acid in serum and liver were measured by Skylight Biotech (Akita, Japan). Liver iron levels were measured as follows: liver samples were ashed at 550°C for 48 h and dissolved in 2 mol/l HCl. The iron concentration in each sample was analyzed by atomic absorption spectrophotometer (Hitachi A-2000, Tokyo, Japan). Serum free amino acid levels were measured with a high-performance amino acid analyzer (L-8500A, Hitachi High-Technologies, Tokyo, Japan). For these measurements, 50 l of 15% sulfosalicylic acid (Kanto Chemical, Tokyo, Japan) was added to 100 l of serum. After incubation on ice for 5 min, each sample was kept at 4°C and centrifuged for 5 min at 6,000 g; 25 l of 0.75 N lithium hydroxide (Kanto Chemical, Tokyo, Japan) was then added to 75 l of the resulting supernatant. An aliquot (20 l) of the prepared sample was submitted to amino acid analysis.
Between-diet group differences were investigated for statistical significance with Student's t-test.
Isolation of total RNA. Total RNA was isolated from each liver sample with TRIzol (Invitrogen Japan, Tokyo, Japan) and then purified with the RNeasy Mini Kit (Qiagen, Tokyo, Japan). The quality and quantity of the total RNA were spectrophotometrically evaluated with an Agilent 2100 Bioanalyzer (Agilent Technologies Japan, Tokyo, Japan) and an RNA 6000 Nano Series II Kit (quality). RNA integrity number (RIN) was computed with 2100 Expert Software (Agilent Technologies Japan) to indicate the integrity of total RNA samples on a scale of 1-10 (26) ; the RIN of our total RNA isolated from each liver was higher than 7.5.
DNA microarray assay. In each group, we selected four rats that had hemoglobin levels close to the average level of the group. Total RNA samples from these individuals were subjected to DNA microarray analysis as described previously (20) . In brief, cDNA was synthesized from 2 g of purified total RNA, and then biotinylated cRNA was transcribed with T7 RNA polymerase. The cRNA quality was checked by an Agilent 2100 Bioanalyzer, and it was ascertained that it had sufficiently long viability for the purpose of our experiments. The cRNA was fragmented and hybridized to an Affymetrix Rat Genome 230 2.0 Array (Affymetrix, Santa Clara, CA) that contained probes for Ͼ30,000 rat genes. After hybridization at 45°C for 16 h, the array was washed and stained with phycoerythrin. Fluorescence signals were scanned with the Affymetrix GeneChip System. Affymetrix GeneChip Command Console (AGCC) software was used to reduce the array images to the intensity values for each probe (CEL files). All microarray data were submitted to the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (http://www. ncbi.nlm.nih.gov/geo/; GEO Series ID GSE16899).
DNA microarray data analysis. The CEL files were quantified with the distribution free weighted method (DFW) (4), using the statistical language R (1), version 2.7.1, and Bioconductor (11), version 2.2. Hierarchical clustering was then performed by the pvclust() function (28) in R. To identify between-group differences in terms of differentially expressed genes, the rank products (RP) method (3) and the weighted average difference (WAD) method (15) were applied to the DFW-quantified data. The annotation file for the Rat Genome 230 2.0 Array was downloaded from the Affymetrix Web site (April 22, 2008; Rat230_2.na25.annot.csv).
Gene Ontology analysis. The selected probe sets were functionally classified according to Biological Process in Gene Ontology (GO) with the Functional Annotation Tool of the Database for Annotation, Visualization, and Integrated Discovery (DAVID) (9, 13) . The probe set IDs provided by Affymetrix were used as the input data format. For the gene list manager on the DAVID Web site (http://david.abcc. ncifcrf.gov/), we selected the species option to limit annotations exclusively to Rattus norvegicus. For the population manager option, the Rat230_2 platform was selected as the background. The Functional Annotation Chart was analyzed on the basis of Biological Process in GO, GOTERM_BP_ALL. To extract the statistically overrepresented GO terms in each group of differentially expressed genes and to correct the results by multiple testing, we used EASE scores, which modified Fisher's exact test P values (12), and Benjamini and Hochberg false discovery rate (FDR) corrections (2) . A Benjamini and Hochberg FDR-corrected P value Ͻ 0.01 indicated a significantly enriched GO term. To recognize the hierarchical structure of the selected GO terms, we used QuickGO (https://www.ebi.ac.uk/QuickGO/), an online analysis utility.
Quantitative real-time PCR. The RNA sample (800 ng) was added to 20 l of reaction mixture from the PrimeScript RT reagent kit (TaKaRa, Shiga, Japan). Synthesis of cDNA was performed at 37°C for 15 min, and the reverse transcription reaction was stopped by heating to 85°C for 5 s and then cooling. The cDNA sample was diluted 1:10 with distilled water.
A total of 2 l of cDNA sample was added to 23 l of the reaction mixture from the SYBR Premix Ex Taq II kit (TaKaRa). The PCR primers were designed as follows: Cyp7a1: forward primer 5=-GGGTT-TCACGGTGATGTCTT-3=, reverse primer 5=-ACCTTGCTCCAT-GGGTATCA-3; Cyp51: forward primer 5=-AGTTTGCCTATGTGC-CGTTT-3=, reverse primer 5=-AACGAAGCATAGTGGACCAAA-3=; Glul: forward primer 5=-CCCCTTCCTTCTGAAAAAGC-3=, reverse primer 5=-CAGAAAACTGCAAGGCAACA-3=; Gapdh: forward primer 5=-CGCCTGGAGAAACCTGCCAA-3=, reverse primer 5=-GGAGA-CAACCTGGTCCTCAG-3=. Quantitative real-time PCR was performed on a Thermal Cycler Dice Real Time System TP800 (TaKaRa). The samples were incubated for 10 s for 95°C. The amplification was followed by 40 cycles of 95°C for 5 s and 60°C for 30 s. The relative expression level of the target gene product was calibrated with Gapdh. Between-diet group differences were evaluated for statistical significance with Student's t-test.
Western blot analysis. Liver tissue (ϳ100 mg) was homogenized in 1 ml of lysis buffer (50 mM Tris·HCl, pH 7.2, 150 mM NaCl, 1 g/l SDS, 10 g/l sodium deoxycholate, 10 ml/l Triton X-100) containing 1% proteinase inhibitor cocktail (Sigma, St. Louis, MO). Western blot analysis was performed with the following antibodies: anti-caspase 12 (ab18766; Abcam, Cambridge, UK), anti-CYP7A1 (H-58; Santa Cruz Biotechnology, Santa Cruz, CA), and anti-␤-actin (A2228; Sigma). Total protein (20 g) was submitted to separation by 10% sodium Concentrations are expressed in g/kg. Avicel PH101, sulfite cellulose; mineral mix S18706, formulated according to AIN-93 without ferric citrate; vitamin mix V10037, formulated according to dodecyl sulfate-polyacrylamide gels and transferred to polyvinylidene difluoride membranes before incubation with 5% (wt/vol) dried skim milk in 500 mM NaCl, 20 mM Tris (pH 7.5), 1 ml/l Tween 20 (TBST) for 1 h at room temperature and then with each primary antibody in TBST (1:100 for caspase 12, 1:50 for CYP7A1, and 1:1,000 for ␤-actin) overnight at 4°C. The membranes were washed in TBST and further incubated with anti-mouse or -rabbit IgG-horseradish peroxidase (HRP)-linked antibody (1:1,000 in TBST; Bio-Rad Laboratories, Hercules, CA). After washing in TBST, signals were visualized by chemiluminescence reactions using ECL-plus (GE Healthcare, Little Chalfont, UK) for HRP. The images were processed with ChemiDoc (Bio-Rad Laboratories).
RESULTS
Blood hemoglobin and iron levels. Systemic blood hemoglobin and serum iron levels in rats fed an iron-deficient diet decreased significantly over the feeding period (Fig. 1) . On day 17, the hemoglobin and serum iron levels in the iron-deficient group corresponded to 42% and 14% of those of the pair-fed group (P Ͻ 0.01), respectively (Table 2) . Therefore, rats in the iron-deficient group were found to have reached a definite degree of iron deficiency to suffer from severe anemia. The liver iron in the iron-deficient group amounted to 65% of that in the pair-fed group (P Ͻ 0.01) ( Table 2) .
DNA microarray data quantification and detection of differentially expressed genes. We applied DFW as a quantification method to the raw data (Affymetrix CEL files). Hierarchical clustering analysis revealed that each experimental group formed a large cluster of its own (Supplemental Fig. S1 ). 1 This indicated that the gene expression pattern in the liver differed between diet groups. A recent study reported that the RP method together with a DFW preprocessing algorithm is one of the best combinations for accurately detecting differentially expressed genes (16) . Applying this combination of methods to our microarray data, we then selected 602 upregulated and 523 downregulated genes (FDR Ͻ 0.05) in the iron-deficient group. Of these differentially expressed genes, seven were simultaneously assigned as having both increased and decreased expression. This can be characteristic of the RP method. The RP method returns RP statistics with FDR each of up-and downregulated probe sets. To avoid such cases, the WAD method was used instead. Unlike the RP method, the WAD method gave a unique statistic per probe set. Moreover, the WAD method returns a differentially expressed gene ranking similar to that resulting from the RP method when applied to DFW-quantified data (15) . Therefore, from the WAD-ranked data we selected the top 600 upregulated genes and the top 500 downregulated genes resulting from iron-deficient treatment. The top 10 upregulated genes were found to be those for arachidonate 15-lipoxygenase (Alox15), ␣-2u globulin PGCL4 (Obp3), metallothionein 2A (Mt2A), indolethylamine N-methyltransferase (Inmt), hydroxysteroid (17␤) dehydrogenase 6 (Hsd17b6), catechol-O-methyltransferase (Comt), ubiquitin D (Ubd), UDP glycosyltransferase 2 family, polypeptide B (Ugt2b), transferrin receptor (Tfrc), and cytochrome P-450, family 3, subfamily a, polypeptide 9 (Cyp3a9). On the other hand, the top 10 downregulated genes were hepcidin antimicrobial peptide (Hamp), family with sequence similarity 111, member A (Fam111a), cyclin D1 (Ccnd1), hematopoietically expressed homeobox (Hhex), cytokine-inducible SH2-containing protein (Cish), cytochrome P-450, family 17, subfamily a, polypeptide 1 (Cyp17a1), glutathione S-transferase 1/glutathione S-transferase 3 (Gstt1/Gstt3), and solute carrier family 25, member 30 (Slc25a30). The complete list of the significant differentially expressed genes is provided as a supplemental data file.
Gene Ontology analysis. To identify overrepresented GO terms in the selected genes, we used the online software DAVID. The significantly enriched GO terms of the gene sets that were up-and downregulated by iron-deficient treatment are summarized in Figs 2 and 3 , respectively. The hierarchical structure of GO results in more specific GO terms appearing deeper in the hierarchy. Therefore, the most important GO terms appear deepest in the hierarchy, as indicated by the shaded categories in Figs. 2 and 3 . In addition, the output graph drawn by QuickGO is shown in Supplemental Figs. S2 and S3 .
Gene expression profile details. The up-and downregulated genes, categorized on the basis of their functional annotations, are listed in Tables 3 and 4 ; further details are described below. 1 The online version of this article contains supplemental material. Fig. 1 . Time-dependent effect of iron intake on blood hemoglobin level in rats fed the iron-deficient diet (n ϭ 7) or pair-fed the control diet (n ϭ 6). Values represent means Ϯ SE. *P Ͻ 0.05, **P Ͻ 0.01 for between-diet group differences. Cholesterol metabolic process/sterol biosynthetic process. Expression of the gene encoding 3-hydroxyl-3-methylglutarylcoenzyme A reductase (Hmgcr), the rate-limiting enzyme of cholesterol biosynthesis, as well as that of genes encoding other enzymes involved in cholesterol biosynthesis, was upregulated (Table 3) .
Expression of the gene encoding sterol regulatory element binding protein 2 (SREBP2), a transcription factor promoting transcription of enzymes for cholesterol biosynthesis, remained unchanged. We found increased expression of an insulin-induced gene (Insig) that is a factor that processes SREBPs (10) .
On the other hand, the gene encoding cytochrome P-450, family 7, subfamily A, polypeptide 1 (Cyp7a1), the rate-limiting enzyme of bile acid biosynthesis (5), was upregulated. This indicates that cholesterol biosynthesis and catabolism changed significantly. Expression of the genes encoding LXR, a transcription factor for Cyp7a1, and FXR, a repressor of Cyp7a1 (5), were unchanged. Also, cholesterol levels in liver and serum decreased in the iron-deficient group (P Ͻ 0.05) ( Table 5) . With respect to cholesterol utilization in peripheral tissues, we compared the ratio of LDL plus VLDL cholesterol to total cholesterol. This ratio is an indicator of cholesterol transport to peripheral tissues, but we found it to be unaltered (data not shown).
Fatty acid metabolic process/lipid biosynthetic process. Genes related to fatty acid synthase (Fas), stearoyl-coenzyme A desaturase 1 (Scd1), and fatty acid desaturase 1 (Fad1) were downregulated (Table 4) . This is not entirely unexpected, since the downregulation of the transcription factor Srebp1 should depress the expression of fatty acid biosynthesis-related enzymes. Liver TG decreased in the iron-deficient group (P Ͻ 0.05), but serum TG was unchanged ( Table 5 ). The downregulation of TG in the liver may be a result of decreased expression of genes encoding fatty acid biosynthetic enzymes.
Induction of apoptosis. Interestingly, we found factors related to apoptosis in the categories of stress response. Upregulation of the initiator caspase 12 (Casp12) and the effector caspase 3 (Casp3) can facilitate induction of apoptosis (Table  3) . Casp12 is a specific caspase that is induced when ER stress occurs (21, 24) . In the iron-deficient group, the levels of 70-kDa heat shock proteins 1A (Hspa1a) and 1B (Hspa1b), members of the chaperone protein family, were downregulated. This implies that proteins synthesized in the ER were not folded normally, and excessive unfolding leads to ER stress.
Amino acid metabolism. Since the carboxylic acid metabolic processes include amino acid metabolism, we investigated the factors influencing amino acid metabolic processes. The gene encoding serine dehydratase (Sds), an enzyme that converts serine to pyruvate, was upregulated. The gene encoding alanine-glyoxylate aminotransferase 2 (Agxt2), an enzyme responsible for the conversion of alanine to pyruvate and glycine, was downregulated, while the gene encoding glutamic pyruvic transaminase 1 (Gpt1), an enzyme responsible for the conversion of alanine and 2-oxoglutarate to pyruvate and glutamate, was upregulated. The upregulation of the gene encoding glutamate-ammonia ligase (glutamine synthetase, Glul) may facilitate ammonia uptake ( Table 3 ). The gene encoding glutaminase 2 (Gls2), an enzyme responsible for converting glutamine to glutamate, was downregulated. Upregulation of the gene for argininosuccinate lyase (Asl), an enzyme in the urea cycle, also suggests the facilitation of ammonia uptake. The gene encoding glutamate oxaloacetate transaminase 1 (Got1), an enzyme responsible for converting 2-oxoglutarate and aspartate to glutamate and oxaloacetate, was upregulated (Table 3) whereas that encoding the asparaginase-like 1 protein (Asrgl1), an enzyme responsible for converting asparagine to aspartate, was downregulated. The levels of free alanine, phenylalanine, lysine, leucine, isoleucine, methionine, proline, asparagine, and taurine in the serum of rats of the iron-deficient group increased, while those of free citrulline and threonine decreased (Fig. 4) .
Gluconeogenesis. Glucose 6-phosphatase (G6Pase) and phosphoenolpyruvate carboxykinase 1 (Pck1) were among the upregulated genes involved in carboxylic acid metabolic processes. These genes encode the rate-limiting enzymes for gluconeogene- sis. Also, the gene encoding glucokinase, the rate-limiting enzyme of glycolysis, was downregulated. This result implies that glucose metabolism tended to shift toward biosynthesis ( Table 3 ). The increased serum glucose levels in the iron-deficient group (Table 5) are consistent with the results found for the genes encoding enzymes that participate in glucose metabolism (Table 3 ). There was a significant correlation between the increase in serum glucose and the increase in serum insulin when the iron-deficient diet was given (Table 5) .
Acute inflammatory response. Genes involved in the classical complement activation pathways, such as the s subcomponent (C1s) and the r subcomponent (C1r) of complement component 1, complement component 4, gene 2 (C4 -2), and complement component 6 (C6). were upregulated in the irondeficient group. Moreover, mannose-binding lectin 2 (Mbl2) in the lectin pathway was also upregulated (Table 3) . These results suggest that the classical complement pathway was activated in the liver of iron-deficient rats.
Iron metabolism. The gene encoding hepcidin, a protein that inhibits intestinal uptake of iron (30) , was downregulated. The genes encoding the hemoglobin ␣2 and ␤ chains, both related to iron transport and utilization, were downregulated. The gene encoding the transferrin receptor, a regulator of iron uptake into the cell, had increased expression (Supplemental Table S1 ).
Quantitative real-time PCR. To confirm the DNA microarray results, quantitative real-time PCR (qRT-PCR) was applied to three selected genes involved in the cholesterol metabolic process (Cyp51 and Cyp7a1) and the amino acid metabolic process (Glul). The expression levels of these genes increased Fig. 5 . Relative Cyp7a1, Cyp51, and Glul mRNA levels in rats fed the iron-deficient diet (n ϭ 5) compared with those fed the control diet (n ϭ 6). Values represent means Ϯ SE. *P Ͻ 0.05 for between-diet group differences. Fig. 6 . Changes in the amount of CYP7A1 protein for rats fed the iron-deficient diet and rats fed the control diet. Fig. 4 . Serum free amino acid levels (Ser, Ala, Glu, Gln, Asp, Asn, Thr, Val, Leu, Phe, Lys, and Tau) of rats fed the iron-deficient diet (n ϭ 7) compared with those fed the control diet (n ϭ 6). Values represent means Ϯ SE. *P Ͻ 0.05, **P Ͻ 0.01 for between-diet group differences. significantly (Fig. 5) . These data reconfirm the validity of the results from microarray analysis.
Western blot analysis. To investigate whether the some enzymes were upregulated at the protein level, we performed Western blotting analysis and confirmed clear upregulation of CYP7A1 (Fig. 6 ) and weak upregulation of active form caspase 12 (Fig. 7) .
DISCUSSION
Dietary iron deficiency for 16 days led to a decrease in blood iron level, an anemia. In this iron-deficient condition, we found gene expression changes for factors involved in various metabolic processes (Fig. 8) . These factors included cholesterol, lipids, amino acids, and glucose. The induction of apoptosis factors was also detected.
With respect to iron metabolism, we found enhanced expression of genes for enabling iron entry. In particular, downregulated expression of the gene for hepcidin, an inhibitor of iron transport from the intestine (31), indicates an enhanced uptake of iron. Moreover, upregulated expression of the transferrin receptor suggests enhanced iron transport to the liver. However, iron deficiency led to downregulation of hemoglobin gene expression and a decrease in blood hemoglobin levels.
Cyp51 (cytochrome P-450 subfamily 51), an enzyme involved in cholesterol biosynthesis, bears a heme at the active site (23) . Cyp7a1, a key factor in cholesterol and lipid metabolism that is also a heme protein (23) , exhibits reduced activity under iron-deficient conditions in prairie dogs (14) . In our DNA microarray data, gene expression for Cyp51 and Cyp7a1 were upregulated. We also confirmed the upregulation of Cyp51 and Cyp7a1 at the mRNA level by qRT-PCR (Fig. 5) and that of CYP7A1 at the protein level by Western blotting analysis (Fig. 6) . The upregulation of CYP7A1 is a possible cause for decreased cholesterol levels in the liver. Actually, the cholesterol level in the liver decreased for the iron-deficient group (Table 5) . Decreased cholesterol levels activate SREBP2, a transcription factor that promotes transcription of cholesterol biosynthetic enzymes, which in turn upregulates the expression of genes encoding cholesterol biosynthetic enzymes. Similarly, reduction of Cyp7a1 activity may be reflected in a lower bile acid level in the liver. In our study, however, no change in bile acid level was observed (Table 5) . Bile acid is efficiently reabsorbed in the small intestine to reach the liver via portal blood (19) . This event may be supported by our finding that there was little, if any, fecal bile acid (data not shown).
This study revealed that iron deficiency led to upregulated expression of genes encoding gluconeogenic enzymes as well as increased serum glucose levels. Serum insulin levels also increased (Fig. 8) . This increase is consistent with a report that under hypoxic conditions in iron-deficient rats lactate is accumulated and activates gluconeogenesis (22) . We also confirmed an increase in serum lactate level (data not shown). Fig. 7 . Changes in the amount of caspase 12 protein for rats fed the irondeficient diet and rats fed the control diet. The accumulation of lactate is expected to lead to pyruvate accumulation and changes in amino acid metabolism (Fig. 8) , since pyruvate is converted to glutamate via alanine. Our gene expression analysis indicated enhanced conversion of glutamate to glutamine for ammonia detoxification. The upregulation of Asl also suggests that the urea cycle is activated as a result of an increase in ammonia detoxification. Although the level of ammonia increases in an iron-deficient animal, its clearance occurs by glutamate production. Thus the urea cycle is expected to help maintain a normal serum ammonia level even in the iron-deficient group. This is apparently the first report that dietary iron-deficient anemia affects amino acid metabolism.
Dietary iron-deficient anemia also influenced the cellular process of apoptosis, which is conducted by caspases (6) . Our data actually showed the upregulation of caspase 12, an initiator caspase induced by ER stress (21, 24) . Furthermore, caspase 12 was upregulated not only at the mRNA level but also at the protein level (Fig. 7) . ER stress response is induced by accumulation of unfolded proteins (18) . Our data showed that gene expression levels of Hspa1a and Hspa1b, members of the chaperone protein family, decreased significantly. This triggers the accumulation of unfolded proteins, resulting in ER stress. Together, these results indicate that iron deficiencyinduced apoptosis may result from ER stress.
Our study is the first to demonstrate that iron-deficient anemia simultaneously influences a wide range of nutrient metabolism and even apoptosis as a consequence of ER stress.
